The issue of turbulent pinches induced by inhomogeneities in the magnetic field confining tokamak plasmas is studied in the framework of the self-consistent action-angle transport theory. It is found that, in magnetic turbulence, electron particle and energy fluxes proportional to the magnetic shear and originating from the toroidal frequency of the particle motion are different from zero only if the electron temperature is different from the ion temperature, independent of whether the electrons are trapped or untrapped. Restricting to passing electrons, it is shown that both the magnitude and the sign of these fluxes depend crucially on the ratio T i /T e .
The issue of particle pinches in tokamak plasmas has been the subject of renewed interest since the experimental finding of density profiles that remain peaked even in the absence of both neoclassical pinch and central source [1] . Together with turbulence suppression by shear flow, which, by reducing transport losses, leads to the formation of transport barriers, inward transport could be instrumental in achieving higher fusion gain. So far, two main mechanisms giving rise to a particle pinch have been identified. One is thermo-diffusion, which predicts a particle pinch velocity for sufficiently high (∇T /T )/(∇N/N) due to cold particles diffusing faster than hot particles (here, N and T are the species density and temperature, respectively). The other is turbulence equipartition, which, in its original formulation, predicts a density profile proportional to 1/q saf , where q saf is the safety factor. Later versions, which include the effects of collisions and passing ions, find an inward particle flux proportional to the radial derivative of the safety factor, q saf (see [2] and references therein). In this letter we study turbulent transport 'driven' by q saf employing a version of the action-angle collision operator which includes both diffusion and drag in action-space [3, 4] . Specializing to collisionless electron transport induced by long wavelength, steady-state magnetic turbulence, we find that the particle and energy fluxes are constrained to be zero when T i = T e . When nonzero, their amplitude and direction depend crucially on the ratio T i /T e .
The use of action-angle variables is advantageous in that they naturally incorporate all the complexities of the unperturbed particle orbits and of the modes' structure in inhomogeneous plasmas. In the action-angle framework, transport is due to the resonant interaction between particles and the plasma normal modes constituting the fluctuation spectrum. Resonances break one or more invariants of the unperturbed particle motion, with a consequent degradation of the confinement. Kaufman's original quasi-linear (QL) diffusion tensor [5] , adequate to study any collisionless diffusive tokamak transport problem, has been fruitfully applied to particle diffusion in electrostatic [6, 7] and magnetic turbulence [8, 9] , to momentum and energy transport [10] and, more recently, to relativistic diffusion [11] . Indicating with J and Θ, respectively, the actions and the angles, QL diffusion in phase-space of the zeroth-order part of the Θ-averaged distribution function f 0 is governed by
where the diffusion tensor is
Here, Ω ≡Θ is the frequency of the particle motion, and the 'coupling coefficient' C QL a ( , J; ω a ) ≡ h a ( , J, ω a ), which is the Fourier harmonic in Θ (specified by the vector index ) of the perturbation Hamiltonian h = qφ − (q/c)Ã · v relative to normal mode a, describes the energy exchange between waves and particles. The QL formulation is however limited by the fact that the spectrum of waves driving transport evolves according to a wave equation which does not account for the back-reaction of the particles on the fluctuations. As a consequence, the QL approach is valid only either 0029-5515/07/070001+04$30.00 © 2007 IAEA, Vienna Printed in the UK L1 Letter during the linear growth stage or for very particular, 'quasilinearly flattened' distributions, for which all the modes have been linearly stabilized. In view of these limitations, in the present work we employ a version of the action-angle transport theory which extends the QL validity in two ways, i.e., (i) valid for steady-state fluctuation spectra, and (ii) is applicable, although through a simplifying approximation (the 'pseudo-thermal ansatz of [12] ), to fully-developed, turbulent plasmas. The latter point will be discussed later on. The former extension is achieved by the inclusion in the collision operator of the polarization drag felt by the scattered particle. This leads to a transfer of momentum to the medium surrounding the particle, and therefore introduces self-consistency, since the fluctuations are produced by the surrounding medium itself (i.e., the remaining particles in the plasma). This drag term, which is the generalization to inhomogeneous, electromagnetic plasmas of the drag term present in the standard Balescu-Lenard operator, makes the action-angle operator suited to describe transport due to a steady-state spectrum and gives to it the correct conservation laws (e.g. conservation of toroidal angular momentum, which implies intrinsic ambipolarity). The distribution function of scattered species 1 now evolves according to [4] 
where F is the friction vector which considers the polarization field. Indicating with 2 the scattering species, we can write
and
In the latter expression, a is the eigenvalue of the Maxwell operator, N a is a normalization factor and SC stands for 'selfconsistent'. Equation (2) describes the slow (compared with the characteristic particle frequencies) evolution of f 0 (J 1 ; t) as a result of a random walk in action-space, induced by the normal modes a generated by species 2. The coupling coefficient C SC a measures the effectiveness of mode a in coupling particles 1 and 2. The SC approach has already been employed to study various aspects of particle and energy transport driven by the thermodynamic forces [12, 13] .
We employ as spatial coordinates the flux coordinates ξ = (α, θ, ζ ), where α is the toroidal flux function and θ and ζ are, respectively, the poloidal and toroidal angles. The actions are taken to be the gyro-momentum J g , the toroidal magnetic flux enclosed by the drift surface J b and the toroidal angular momentum J ζ [5] . Then, = ( g , b , ζ ) and Ω = ( g , b , ζ ). The procedure to derive the radial transport law from equation (1), presented in [6] , can be easily extended to the SC case. The flux term in the transport law is
where M is the particle mass, (2π)
is the radial derivative of the volume enclosed by the flux surface α =ᾱ, or, in terms of an 'equivalent' cylindrical radius, located insidē r = (2ᾱ/B 0,t ) 1/2 , B 0,t being the toroidal component of the equilibrium magnetic field B 0 . Equation (4) describes the transport at the locationᾱ of the quantity χ 1 , with χ = 1, Mv and Mv 2 /2 leading to particle, parallel momentum and energy transport, respectively. As an ansatz to accomplish closure, we assume a displaced, locally Maxwellian distribution function [note: in general α = α(J, Θ; t); here, however, f 0 is the Θ-averaged lowest-order solution, so that α = α(J; t)]:
where V is the parallel drift speed, P ≡ Mv is the parallel particle momentum,
is the (unperturbed) particle kinetic energy. Following tokamak theory, we adopt the large aspect-ratio and the small gyro-radius orderings,
, where ρ g ≡ v th / g is the gyro-radius, v th the thermal velocity, L is the characteristic equilibrium scale-length and R 0 is the major radius. In the expansion of the radial coordinate, α = α 0 + α 1 · · ·, α 0 represents the toroidal flux enclosed by the magnetic surface around which the particle motion evolves, and α 1 the excursion from the surface due to drifts. Note that when considering faruntrapped particles, the latter contribution is relatively small, and all the quantities (like N, T , etc) can be approximately evaluated at α = α 0 . Using equation (5) and the approximation v ≈ v ζ , we find that the fluxes are proportional to the following driving terms,
where we have introduced the factor G ≡ · ∇ J P [α(J)], the definition (j ) ≡ 1 + V ,j P j /T j and where terms proportional to the more conventional drives (the radial derivatives of N , T , V and of the equilibrium electrostatic potential 0 ) have not been included. The corresponding QL expression of [10] is recovered by setting 2 · Ω 2 = G 2 = 0 and (2) = 1. We stress that the factors related to species 2 originate from the friction term in the collision operator.
In our framework, the drive proportional to the magnetic shear comes from ζ , and is therefore associated with toroidal drifts. In equation (6) , this 'convective' drive is represented by the first term inside the curly brackets, 1 
Because of the presence of the delta function δ( 1 · Ω 1 − 2 · Ω 2 ) in equation (3), we see that it is necessary to distinguish between the equal and the nonequal L2 Letter temperature situation, since only in the latter case this drive will contribute to the flux. In particular, independent of whether we are considering trapped or passing particles, contributions to transport proportional to q saf and coming from ·Ω are present only in the T e = T i case. Note that in a QL treatment the contribution to transport of the 1 · Ω 1 /T 1 term would always be present, with 1 · Ω 1 = ω a due to δ( 1 · Ω 1 − ω a ) in D QL . As for the standard Balescu-Lenard operator, the spectrum contained in D and F of equation (2) is of the 'thermal' type and does not correctly model realistic turbulence [4] . This limitation has been overcome in [12] , although in an approximate way, with the adoption of a supra-thermal spectrum (called the 'pseudo-thermal' spectrum) which retains the structure of the original thermal spectrum (therefore maintaining the required properties of the collision operator) but replaces its form so as to better represent experimental features. In particular, it is assumed that the eigenvalue a is nonlinearly modified from its thermal value in such a way that the turbulent vector potential driven by species 2 has the form
where
s (with L s ∼ q saf R 0 the shear length) are the spectral widths satisfying k ⊥ k . The overall strength of the magnetic fluctuations induced by the entire species 2, indicated withB
r , is assumed to be nonzero and approximately constant only within the volume of a narrow toroidal shell V a = 4π 2 r a w a R 0 , of width w a and centred about some minor radius r a . The 'pseudo-thermal, magnetic micro-turbulence' version of equation (4) is
, · · · indicates a thermal average, q is the particle charge and A includes the terms of equation (6) inside the curly brackets. The gyro-and bounce-related Bessel functions quantify the modification of the field-particle coupling due to drifts and the magnetic modulation of v [8] 
are the amplitudes that measure the extent of the particle excursion from the field lines in the course of a transit or bounce period, and (k r , m, n) are the radial wavevector and the poloidal and toroidal wavenumber of the mode). In the followings we assume ω a < g for both species, and therefore neglect effects from all gyro-harmonics except g = 0. It should be noted, however, that the pseudo-thermal ansatz limits the validity of the operator, and thus of equation (7), to strictly stable plasmas. A turbulent generalization of the operator would be required to remove this limitation and obtain a truly self-consistent transport theory of strongly turbulent, inhomogeneous plasmas [14] .
While the discussion presented so far applies to transport of both passing and trapped particles, in the remainder of this work we evaluate equation (7) for the case of faruntrapped electrons. In this limit, the toroidal frequency is approximately equal
, where α 1 = cq saf MR 0 v /q and A saf ≡ (∂q saf /∂α 0 )/q saf . In conventional discharges, q saf is a rapidly increasing function of r, while in reversed magnetic shear discharges |q saf | can become quite large. There might be situations therefore in which the term α 1 A saf is relevant, despite the smallness of α 1 for passing particles. In the far-untrapped limit the factors · Ω, G and
. There are three steps that need to be performed to evaluate the flux: sum in -space, integration in J-space and sum in k-space. We begin by introducing in equation (7) the above expressions for G and X χ , as well as V (r) = 4π 2 R 0r , f M (J j ) as in equation (5), and
which is a valid approximation in the far-untrapped limit [10] . Both the summations over ζ 1 and ζ 2 , and the dα 1 integration, can be performed with the help of the associated delta functions. To perform the dα 2 integration, we simply assume that the equilibrium quantities are constant inside V a , and bring them outside the integral sign. With regard to the b summations, we first transform them to integrations in ω b ≡ b b with the setting +∞ b1,2 =−∞ = dω b1,2 / b1,2 , a step justified by the presence of resonance-broadening effects. The ω b1 integral is then performed with the aid of the delta function imposing resonant transport. Before doing so, however, we replace b1 in X χ 1 with m a , an approximation which is justified by the asymptotic properties of J (z) [12] . Again following [12] , we approximate the bounce-related Bessel functions by the pairwise average of their asymptotic forms: Note that the terms proportional to the equilibrium electric field cancel out with terms not included in equation (6) [15] , and therefore have been disregarded. The particle and energy fluxes are inwards when T i < T e and q saf > 0, like in conventional discharges, or when T i > T e in reversed magnetic shear discharges. The factor '−1' in equations (9) and (11) and therefore L ee L ei , the momentum flux is expected to be outwards.
Summarizing, we use the action-angle transport theory to show that self-consistent transport fluxes originating from the toroidal particle frequency and associated with q saf depend crucially on the ratio of the species' temperature. Specializing to passing-electron transport in magnetic turbulence, we find that the particle and energy fluxes are zero in the equal temperature case, and have both sign and magnitude dependent on T i /T e .
Despite the various simplifying assumptions and approximations introduced in our analysis, we find numerically that for equilibrium profiles coarsely adjusted to the experimental situation of [1] , and for the typical value ofb = 10 −4 , our formulae predict a particle pinch velocity of about 5 m s −1 which peaks at r/a ≈ 0.75 (a being the minor radius), in reasonable accord with the data presented in [1] .
